We measured lifespan and fecundity of three reproductive modes in a clone of the monogonont rotifer Brachionus manjavacas subjected to chronic caloric restriction (CCR) over a range of food concentrations or to intermittent fasting (IF). IF increased lifespan 50 -70% for all three modes, while CCR increased lifespan of asexual females derived from sexually-or asexually-produced eggs, but not that of sexual females. The main effect of CR on both asexual modes was to delay death at young ages, rather than to prevent death at middle ages or to greatly extend maximum lifespan; in contrast CR in sexual females greatly increased the lifespan of a few long-lived individuals. Lifetime fecundity did not decrease with CCR, suggesting a lack of resource allocation trade-off between somatic maintenance and reproduction. Multiple outcomes for a clonal lineage indicate that different responses are established through epigenetic programming, while differences in lifespan allocations suggest that multiple genetic mechanisms mediate lifespan extension.
INTRODUCTION
While caloric restriction (CR) is the only mechanism known to increase lifespan in a wide range of taxa, there is no consensus on the origin of, or mechanisms controlling, this phenomenon (1) (2) (3) . One hypothesis is that the response to CR evolved to cope with periodic food shortage in the environment, allowing an individual to survive until food again becomes available and reproduction can resume. Implicit in this premise is that there is a trade-off between reproduction and somatic growth and maintenance, and that when resources are limiting energy is not available for both. The presumption of a trade-off is supported by some but not all studies (4) (5) (6) (7) (8) and requires further testing. A trade-off between fecundity and lifespan also suggests that different modes of reproduction within the same species (sexual versus asexual, males versus females) might have different responses to CR. It is often difficult to test and distinguish differences in lifespan and fecundity responses to CR due to reproductive mode from those due to interspecific differences.
Caloric restriction extends lifespan in many, but not all, monogonont rotifer species, at least under conditions tested thus far (4, 5, 7, 9) . Monogonont rotifers are basal, triploblast, microscopic, aquatic invertebrates with a number of advantages as a model system for the study of aging (10) . Their small size and ease of culturing allows testing of multiple treatments with a high degree of replication. As facultatively sexual organisms, monogonont rotifers generally reproduce asexually, with a diploid female producing diploid eggs by mitosis that hatch into other asexual (amictic) females, giving rise to a clonal population. In response to a quorum sensing mechanism, sexual (mictic) females are produced that generate haploid eggs through meiosis. If unfertilized, these haploid eggs hatch into haploid males. If fertilized, a diapausing diploid egg is formed, which hatches into an amictic female. These diapausing or "resting" eggs may overwinter or be desiccated, and hatch in response to positive environmental conditions. Males do not feed, so studies of CR are conducted on amictic females arising from sexually-derived diapausing eggs, amictic females hatching from mitotically-derived asexual eggs, or mictic females hatching from mitoticallyderived asexual eggs.
Lifespan extension in calorically restricted rotifers is sometimes associated with a decline in fecundity, lending support to the idea that reproduction and somatic maintenance are mutually exclusive endeavors under resource limitation. In low nutrient environments, the Brachionus plicatilis Ishikawa strain doubled its lifespan but decreased fecundity to less than half that under ad libitum (AL) food conditions (9) . The mean lifespan and relative fecundity of Cephalodella sp. were both 50% lower in CR animals than in AL animals, while Elosa worallii had a 50% increase in lifespan offset by a near cessation of reproduction in CR animals (7) . Additional studies have shown that starvation prior to first reproduction increased lifespan more than starvation after the onset of reproduction, and that starved rotifers had a smaller body size, suggesting a trade-off between somatic maintenance, longevity, and reproduction (8).
Many of the previous studies on the effect of CR on longevity and reproduction in rotifers have been in the context of the ecology of resource limitation and population dynamics, although rotifers have also been used to test multiple evolutionary theories of aging (5, 11) . Unfortunately, most studies that found a lack of lifespan extension compared distantly related species and examined only one or two levels of CR, so it is unclear whether the optimally restricted diet for each species simply was not tested. These studies generally examined the effects of either differing periods of starvation or chronic caloric restriction (CCR), but not both, for amictic female rotifers of a single or distantly related species (4, 5, 7, 9, 12) . This earlier work has provided useful insights about the maintenance of populations in the field or of lifespan under particular food regimens, but a more comprehensive assessment of multiple reproductive modes and a variety of levels and types of CR could provide a better understanding of the origins and mechanisms of CR-induced longevity.
In this study, we measured lifespan and fecundity of three different reproductive modes of the monogonont rotifer Brachionus manjavacas subject to six food concentrations ranging from AL feeding to starvation, and to alternate day AL feeding and starvation. By examining a range of CR levels and regimens for multiple reproductive types within a clonal isolate, we were able to dissect the plasticity of lifespan and reproductive responses and relate these to potential origins and mechanisms.
METHOD

Cultures
An isolate of the monogonont rotifer Brachionus manjavacas (13) , collected from the Azov Sea region in Russia and propagated continuously in the lab since 1983 with periodic resting egg collection and storage, is our model system for aging studies. Rotifers were fed the chlorophyte Tetraselmis suecica, which was maintained in 2 L flasks of gently bubbled, 15 ppt artificial seawater (ASW) f/2 medium (Guillard). Both rotifer and algae cultures were kept at 21 °C on a 12:12 h light:dark cycle. Cultures of T. suecica used for CR studies were maintained in semi-continuous log phase growth by daily removal of approximately 20% of the culture and replacement with f/2 medium. Maternal females were maintained in ad libitum (AL) food conditions for at least one week prior to experiments to prevent known lifespan-extending maternal effects of CR on offspring (14) .
Experimental Conditions
In this study, we conducted life specific hazard rates (µ x ) were determined using the simplified version of the Sacher estimate: µ x = -ln(1-q x ) where q x is the age-specific probability of death in the interval ∆x (18) . Hazard rates were calculated for each treatment until only four individuals persisted.
RESULTS
Effect of Caloric Restriction on Lifespan
The Table 1 ). Below 50% of AL feeding, decreasing food concentration led to increasing mean, median, and maximum lifespan, but the magnitude of the increase depended upon reproductive mode.
For RE-amictic females, 50% and 10% of AL produced nearly identical survival curves and a 50% increase in mean and median lifespan of over those for AL feeding. A maximum lifespan of 28 days was reached under 10% of AL.
AE-amictic females had gradually increasing median lifespan from eight days at 100% of AL to 10 days at 10% of AL. AE-mictic females, on the other hand, Table 1 ).
Maximum lifespan increased under IF, but was greater than 10% CCR only in AE-mictic females. Restriction of food to 10% of AL levels produced the next highest increase in mean and median lifespan in all reproductive types.
Hazard rate curves ( Figure 2 ) indicated that the main effect of both types of CR on amictic females was to delay death at young ages, rather than to prevent death at middle ages or to greatly extend maximum lifespan, a phenomenon also reflected in the survival curves. In AE-mictic females, CR did not decrease the hazard rate at early or mid-ages, but 10% CCR and IF greatly increased the lifespan of a few long-lived individuals.
Effect of Caloric Restriction on Lifespan Allocation and Fitness
Caloric restriction altered the allocation of lifespan to pre-reproductive, 
DISCUSSION
In this study, we surveyed the effects of seven different CR regimens on the lifespan and fecundity of three reproductive modes of the monogonont rotifer
Brachionus manjavacas. We found that the magnitude of lifespan extension and the concomitant effect on reproduction depended both on the type of CR and on the female's reproductive type, suggesting a diversity of underlying mechanisms for the response to CR.
Threshold Response to Chronic Caloric Restriction
Branchionus manjavacas appears to have a threshold below which the food concentration must drop before eliciting a lifespan-extending response. We did not observe a significant increase in lifespan of RE-amictic females until food limitation reached 50% of AL or less, and further limiting food between 50% and 10% of AL resulted in longer mean and maximum lifespan. Restriction to 25% of AL was required before lifespan increased in AE-amictic females. Previous grazing and population growth experiments in similar species of Brachionus show that maximal specific growth rates are achieved at food levels comparable to our AL concentration and decline with decreasing food concentrations (15-17).
We did not measure assimilation rates at the varying food concentrations, however, and at higher concentrations a larger proportion of food may have passed through the rotifer gut without being fully digested or incorporated.
These results suggest induction of the CR response was controlled by nutrient sensing or metabolic status, which was not triggered until perceived or Previous studies have shown that RE-amictic females are unable to respond to mixis cues, and only a portion of AE-amictic female population can produce mictic females, although all are exposed to the same cue and all are genetically identical (20) . This strong evidence of "bet-hedging" by maintaining multiple reproductive modes within the same population is also likely to influence lifespan responses to CR.
Differences Between Chronic Caloric Restriction and Intermittent Fasting
Differences between daily fecundity and allocation of lifespan to The evidence for a trade-off between reproduction and lifespan in the face of food shortage is mixed. One of the primary arguments in favor of a trade-off is that when rotifers are starved later in life, after beginning reproduction, they have lower tolerance to starvation than rotifers starved early in life (4). Additionally, many rotifer species immediately cease reproduction upon starvation, and resume reproduction upon reintroduction of feeding (7). In some studies in which rotifers are starved, either for different lengths of time or at different times in their lifespan, lifetime fecundity is indeed decreased, much as we observed for rotifers starved after the first day of the experiment (7). However, there are many reports where reproduction is decreased but lifespan is not extended, particularly when starvation occurs late in life or for extended periods (5, 7, 8, 12) . Moreover, it has been demonstrated that even without food restriction, reproduction near the end of life is more closely associated with a short lifespan than is early reproduction (6) . In addition to our observations of increasing lifetime reproduction with decreasing food concentrations, others found that S. pecitnata increased the proportion of energy allocated to reproduction as food became more limiting, producing a constant egg size but reproducing earlier under limiting conditions, and that there was no significant difference in lifespan between restricted and unrestricted rotifers (12) .
Unfortunately, evidence on both sides is predominantly correlative; it is experimentally difficult to establish a causative relationship between energy intake, reproduction and lifespan. Our findings support the hypothesis that amictic monogonont rotifers have a temporally dynamic reproductive strategy, as has been found for organisms ranging from plants to rodents to birds, which allows them to deal with food limitation and to resume reproduction when conditional are favorable, and which may not or may not be directly linked to lifespan extension (8, 27) . Such a strategy may become less flexible with age, for reasons unrelated to food concentrations. The age-specific physiological constraints due to changes in molecular pathways and the accumulation of DNA and cellular damage with increasing age provide as plausible a causative force in decreased starvation tolerance with age as does the allocation of limited resources to reproduction (28) . Hazard rates were computed when four or more individuals were present, as samples sizes late in life were too small to adequately assess the hazard rate (18) . 
CONCLUSIONS
